Background: The aim of the tests was to establish the possibilities of reducing impulse noise by using level-dependent hearing protectors at a shooting range. The tests included 9 models of level-dependent earmuffs and 2 models of level-dependent earplugs. They were conducted in the presence of impulse noise generated by 7 types of firearms (pistols, a submachine gun, rifles, a shotgun). Material and Methods: The tests were conducted at an outdoor shooting range, using an acoustic test fixture that meets the requirements of the ANSI/ASA S12.42-2010 standard. Noise parameters were established for the noise reaching the microphones installed in the ear simulators of the acoustic test fixture: uncovered and protected by the tested hearing protectors. Results: All 11 tested level-dependent hearing protectors allow to satisfactorily (below the exposure limit values) reduce the C-weighted peak sound pressure level and A-weighted maximum sound pressure level parameters of noise produced during shots from the 7 types of firearms included in the study. Moreover, in the most unfavorable case, the permissible number of impulses due to the value of the A-weighted noise exposure level normalized to an 8-h working day parameter exceeds 5000 per day. Conclusions: Level-dependent hearing protectors constitute the appropriate means to protect the hearing of people at a shooting range, while maintaining the functionality of these protection devices to transmit speech signals. Med Pr. 2019;70(3):265-73 
INTRODUCTION
Level-dependent hearing protectors are increasingly used, not only at industrial workplaces, but also in the areas of exposure to acoustic impulses generated by firearms. It should be noted that the use of hearing protectors in the presence of firearms being fired is a necessity resulting from the insufficient effectiveness of other technical means of reducing impulse noise, such as noise suppressors [1] .
Level-dependent hearing protectors affect the sound that reaches their users. This is performed by an electronic system, equipped with microphones mounted outside the hearing protector and speakers that reproduce the sound under the hearing protector. This system improves the reception of useful sounds (speech, auditory danger signals) in the absence of noise. There is also the potential danger that, with a large amplification in the acoustic signal reproduction system, the sound reaching the person may cause increased noise exposure. The use of hearing protectors must adequately protect the hearing of their users [2] .
In order to be able to determine if the hearing protector provides adequate noise reduction, the parameters of the noise heard at the person's location as well as the noise reduction effectiveness of the hearing protector must be known. The methods for determining the reduction (attenuation) of noise by hearing protectors are divided into 2 categories: subjective (using the response of a person) and objective (measured using a microphone). Due to the relatively high values of the peak sound pressure level and the rapidly chang-ing nature of impulse noise, the authors could not use the subjective real-ear attenuation at threshold (REAT) test method [3−5] to assess the effectiveness of noise reduction by hearing protectors for impulse noise [6] . The technical possibility of measuring impulse noise attenuation is provided by objective methods, based on sound pressure level measurements by using a miniature microphone placed in the ear, under the hearing protector (microphone in real ear -MIRE method) [7] or by using acoustic test fixtures [8] .
However, conducting impulse noise attenuation tests on hearing protection requires the use of test signals which are inherently dangerous to hearing. In spite of the use of hearing protectors, exposure to impulse noise may be dangerous to hearing [9] . Therefore, a better and safer solution is the use of devices which reproduce human characteristics, which eliminates the need for human participation in the tests [10, 11] . These devices are called acoustic test fixtures. They are frequently used in tests where impulse noise with a high peak sound pressure level is present [12−14] .
So far, only a few studies have been conducted on the reduction of impulse noise by level-dependent hearing protectors [15−17] , therefore we have no test results to compare the properties of different hearing protector models used for this purpose. The aim of the tests presented in this paper was to establish the possibilities of reducing the impulse noise using 11 models of leveldependent hearing protectors at an outdoor shooting range (9 earmuffs and 2 earplugs).
MATERIAL AND METHODS

Hearing protectors included in the tests
The tests included 11 different models of level-dependent hearing protectors. Nine of them were earmuffs, while the remaining 2 were earplugs. The list of hearing protectors included in the tests is presented in Table 1 . This table also contains the letter designation assigned to each hearing protector for the purpose of this study (used henceforth when test results are presented on charts).
Impulse noise source
The tests of shooting range noise reduction by hearing protectors were conducted at an outdoor shooting range, in the presence of acoustic impulses generated by 7 types of firearms, popular among law enforcement services, sporting enthusiasts and hunters. A list of the firearms included in the tests and the designations of the firearms used for this study (for presenting its results) are presented in Table 2 .
The impulses generated during shots from individual types of firearms included in the tests differ in C-weighted peak sound pressure level (L Cpeak ) and duration. These differences may be the reason for the varying degree of attenuation of noise generated by individual firearm types by the hearing protectors [12] . In the case of acoustic impulses generated during shots from firearms at a shooting range, the C duration is the most representative for determining impulse duration, due to the waveform of this noise type; this particular waveform comprises a series of significant increases and decreases of sound pressure. The definition of C duration [18] specifies that this is the total time the waveform of the analyzed signal exceeds a value of −10 dB in relation to the peak value. Moreover, the peak value is calculated using the absolute value of the analyzed signal. All of the weapons in question generate impuls- Experimental set-up An acoustic test fixture ("artificial head") was used for conducting noise reduction tests by means of level-dependent hearing protectors at the shooting range, establishing the values of noise parameters potentially reaching the hearing protector user. An image of the measurement system used is shown in Figure 1 .
order to reflect the characteristics of human skin. During the tests, in each measurement situation, a heating system was used in order to maintain the acoustic test fixture at a temperature corresponding to human body temperature. This ensured that the test conditions provided were as close as possible to the conditions in which hearing protectors are used by humans. This is important due to the impact of temperature on the properties of materials used in the manufacture of hearing protectors. The acoustic impulse parameters were measured using a GRAS 67SB transducer with a GRAS 40DP microphone. Electrical signals from this transducer and from the acoustic test fixture were transmitted to a Brüel & Kjaer 3052-A-030 measurement unit (Brüel & Kjaer, Denmark). For the analysis of measurement data, Brüel & Kjaer PULSE Reflex software was used.
Test performance method
During the performance of the tests, conditions were achieved in which each of the tested level-dependent hearing protectors was placed on the acoustic test fixture in a manner corresponding to its use by a person. It was therefore attempted to obtain tight adherence between the earmuff cushions and the side surfaces of the test fixture's head, and between the earplugs and the walls of the ear simulator couplers. As it was difficult to obtain the tight adherence of the hearing protectors to the acoustic test fixture surface (requiring considerable experience on the part of the operator), in particular in field conditions, a quality check of the placement of the hearing protector was performed. After each placement of the earmuffs on the acoustic test fixture head or of the earplugs in the test fixture ears, a shot from a starter pistol was fired, while the indications of the measuring instruments were observed. If necessary, the action of placing the hearing protectors was repeated until a satisfactory result was obtained. Adherence checks based on the degree of starter pistol noise transmission under the hearing protector did not guarantee its perfect adherence. For this reason, it was assumed that the tests would be conducted in such a way as to obtain 6 elementary measurement results under a specified hearing protector in every measurement situation.
The elementary measurement situation was understood as measurement conducted during a shot from the specified firearm when the specified hearing protector was placed on the acoustic test fixture. Carrying out 6 measurements enabled the selection of cases in which it was assumed that the adherence of the hearing protector to the acoustic test fixture surface was correct.
In the foreground: left − a GRAS 67SB transducer used for measuring the properties of acoustic impulses, right − a GRAS 45CB acoustic test fixture to measure the acoustic properties of hearing protectors, with level-dependent earmuffs (test object). The impulse noise is generated by discharging the firearm operated by a shooter (not shown in the photograph). Currently, the most advanced design which enables the modeling of a person's features for the purpose of testing the acoustic properties of hearing protectors is the GRAS 45CB acoustic test fixture (GRAS Sound & Vibration A/S, Denmark) [19] . This test fixture meets the requirements of the standard on the measurement of the acoustic properties of hearing protectors [20] . The acoustic test fixture models the anatomical shape of the head and ear. Ear simulators and GRAS 40BP microphones were installed in the fixture. Moreover, the fixture elements which could potentially come into contact with the test earplugs or earmuffs were covered with materials with a Shore hardness of 55 (Shore 00), in Finally, 3 measurement results of parameters of impulse noise under the specific level-dependent hearing protector were selected (out of 6 measurement results). Thus, the final measurement result under a specific hearing protector for a particular type of firearm was obtained on the basis of measurements carried out in the presence of 3 shots from this firearm. Similarly, 3 shots from the individual type of firearm were taken into consideration when determining parameters of the impulse noise generated by this type of firearm when every hearing protector was tested. Each of the mentioned 3 selected measurement results were averaged. The mean value calculated from the data was expressed in a linear scale i.e., following the conversion of the values expressed in decibels to Pascals.
The tests resulted in obtaining insertion loss representing the noise attenuation by the hearing protector in question. The insertion loss measured using the acoustic test fixture corresponds to sound attenuation measured with human participation [3] .
The C-weighted peak sound pressure level parameter, i.e., L Cpeak was considered to be the most important parameter concerning impulse noise exposure. Moreover, the remaining 2 noise parameters used in the occupational noise exposure assessment were taken into account: L Amax (A-weighted maximum sound pressure level) and L EX,8h (A-weighted noise exposure level normalized to an 8-h working day; otherwise also expressed as daily noise exposure level) [21] . The effectiveness of impulse noise reduction by the hearing protector, due to the L EX,8h value may be assessed by establishing the permissible number of impulses against which the employee using the specified hearing protector will be protected. Therefore, this study has established the permissible number of impulses (PNI) (a single impulse is the result of a single firearm shot), to which the hearing protector user could be exposed, with the assumption of a simultaneous reduction of the L Cpeak and L Amax parameters below the exposure limit values. The permissible number of impulses was determined on the basis of the formula (1) which takes into account the permissible value of the L EX,8h parameter of 85 dB [21] The aforementioned insertion loss is expressed as the difference of the value of the specified noise parameter measured by the acoustic test fixture microphone without the hearing protector and the value of this parameter measured with the hearing protector. In practice it is not possible to simultaneously both listed results, i.e., without and with a hearing protector. In this situation, it is necessary to conduct the measurement using an additional transducer, located next to the acoustic test fixture, which, using the appropriate correction, pursuant to the methodology specified in the reference standard [8] , allows to obtain insertion loss values corresponding to the tested hearing protector. Such corrections were, in the past, also used for impulse noise [14, 22] . Measurement data for establishing this correction were used during additional measurements, conducted simultaneously with 3 microphones (transducer located next to an acoustic test fixture and 2 microphones of the fixture in question) with no hearing protectors on the test fixture.
The results obtained by separate laboratory testing indicated that the presence of the level-dependent system in the case of earmuffs did not impact the attenuation value expressed by the L Cpeak parameter, although it was important in the case of earplugs [23] .
Therefore, the measurement of the properties of each of the tested earmuffs was conducted with the level-dependent system turned on (the highest amplification in the system was selected). This enabled the most adverse situation, in terms of obtaining sufficient hearing protection for the L Amax and L Aeq parameters, to be taken into account. In the case of the earplugs, where with the presence of acoustic impulses the role of the level-dependent system was important, the tests were conducted in different modes. The earplugs marked with the letter L: the measurements were conducted with the medium amplification in the level-dependent system (max), average amplification (med) and passive mode (pas); that is, with the level-dependent system turned off. In the case of the earplugs marked M, 2 possible modes were used: high amplification (max) and low amplification (min.). In the case of these earplugs, no measurement in passive mode was conducted, since the earplugs' electronic system could not be turned off.
RESULTS
The determined C-weighted peak sound pressure level values and the duration of the sample impulses selected from each firearm type are listed in Figure 2 . The criterion line of the exposure limit value of the C-weighted peak sound pressure level (135 dB), specified in regulations on hearing protection [21] is also shown.
The values of corrections used for obtaining insertion loss data, mentioned in the Material and Methods section, in the case of the L Cpeak parameter, depending on the noise source (firearm type) the values of the corrections, were within the range 3.4−12.3 dB. In the case of the L Amax parameter, they were 6.5−11.5 dB. In the case of the L Aeq parameter, the values of the corrections also varied within the range 6.5−11.5 dB.
A list of the values of L Cpeak reduction by the tested level-dependent earmuffs is provided in Figure 3 , and by the earplugs in Figure 4 . In general, it is plausible to state that the lowest values of the L Cpeak reduction resulting from the noise attenuation by level-dependent hearing protectors were obtained for the impulses generated by firearm 2, and then firearm 1. The highest degree of noise attenuation applies to impulses generated by firearm 5. The difference between the listed highest and lowest L Cpeak reduction values, i.e., between the L Cpeak reduction established for impulses generated by firearm 2 and impulses generated by protectors. It was assumed that outside of the hearing protectors, impulses with the highest L Cpeak levels were generated, and were measured during the tests at the shooting range (for each firearm type). Among the values obtained for L Cpeak reduction for each of the 7 types of firearms, the lowest L Cpeak reduction value and the highest L Cpeak reduction value were determined (i.e., in the case of hearing protectors which reduced noise made by a specific type of firearm to the lowest degree). Subsequently, the L Cpeak parameter of the noise potentially reaching under the hearing protector was calculated.
The results of these activities are shown in Figure 5 . It emerged that the range of the L Cpeak under the hearing protectors included in the tests, regardless of the hearing protector, was below the exposure limit value. Therefore each of the tested level-dependent hearing protectors sufficiently reduces noise generated by the firearm types included in the test, with regard to the L Cpeak parameter. The highest value of the subsequent parameter: L Amax measured in the sound field outside of the hearing protectors during tests at the shooting range exceeded the exposure limit values of 115 dB [21] and amounted to 118.1 dB. However, the established values of the L Amax parameter reduction are high enough to ensure that in all cases under the analysis, the use of level-dependent hearing protectors resulted in the reduction of the L Amax value below 115 dB. The lowest value of the L Amax reduction in the case of the shooting range noise amounted to 15.7 dB, which occurred in the case of the level-dependent earplugs marked M, operating in a high amplification mode (max) in the level-dependent system. This means that the reduction of noise generated during shots from the firearms included in the study by all 11 tested level-dependent hearing protectors is sufficient to satisfactorily reduce the L Amax parameter even when the generated impulses are characterized by L Amax reaching 130 dB.
The calculated permissible number of impulses due to the value of the L EX,8h parameter is given in Figure 6 . It emerged that in the most unfavorable case, this number exceeded 5000 impulses generated during shots. In Each presented point on the chart was determined based on measurements carried out in the presence of 3 shots. max -high amplification in the level-dependent system, med -average amplification, min. -low amplification , pas -passive mode. Hearing protector and firearm designations as in Table 1 practice, during field training exercises the shooter is not exposed to such a large number of impulses. The data specified in Figure 6 may be, however, important for firearm testing employees, where the employee is expected to discharge the weapon a significant number of times, counted in thousands.
DISCUSSION
The tests conducted during this study enabled the authors to achieve the goal specified in the introduction, which involved obtaining data on the possibilities of reducing the impulse noise at the shooting range by 11 models of level-dependent hearing protectors (9 earmuffs and 2 earplugs). The test results obtained through this study are significant since so far there have been no regular data on the reduction of impulse noise generated by level-dependent hearing protectors during shots from firearms.
There is no possibility of a direct comparison of the test results for impulse noise reduction by level-dependent hearing protectors with the results in published studies. Only a study by an American team [17] presents the results of attenuation of noise generated during shots from rifles by 3M Peltor TacticalPro level-dependent earmuffs. These earmuffs are most similar in their design to the 3M Peltor Tactical XP earmuffs included in the tests in this study. The authors of the study in question [17] have specified that the earmuffs they have tested reduce the peak sound pressure level (L peak ) generated during a AR-15 rifle shot by the value of 41.2 dB for impulses with L peak of 150 dB. As part of this study, it was tested that the use of 3M Peltor Tactical XP earmuffs resulted in the reduction of the L Cpeak value by 37.5 dB with impulses with a L Cpeak of 146.1 dB, generated by an AKMS 7.62×39 rifle (firearm 7). Considering the various hearing protector models, types of rifles, peak sound pressure level of the generated impulses and the noise parameter, the result obtained in this study should be seen as consistent with the result presented in the aforementioned study [17] .
The efficiency of impulse noise reduction was also assessed using an acoustic test fixture by Buck [15] . The work considered the reduction of impulse noise by level-dependent hearing protectors, however only as an example [15] . It stated that the level-dependent hearing protectors might be treated as passive devices in situations where the sound pressure level value exceeds the level of signal transmission through the electronic system. Whereas in a reverse situation (sound pressure PNI -permissible number of impulses. Hearing protector and firearm designations as in Table 1 Earmuffs Earplugs
level does not exceed the signal transmission level) the hearing protectors may be considered to be devices which transmit sound directly. Therefore, the study did not provide numerical data on noise reduction by level-dependent hearing protectors. Neither did another study, in which tests were conducted on the reduction of impulse noise by 2 level-dependent hearing protectors [16] provide any data, either, which could be directly compared to the results of this study. This was due to different noise sources and different hearing protector models, as well as differences in established noise parameters.
As shown in the presentation of the results, the lowest values of the reduction of L Cpeak resulting from the noise attenuation by level-dependent hearing protectors occur for impulses generated by firearm 2, and then firearm 1. The highest degree of noise attenuation applies to impulses generated by firearm 5. The C duration is not a universal method of reflecting the time properties of the impulse (due to the waveform's complexity), therefore there is no complete coincidence of the relationship between the example C durations of the individual weapon types (Figure 2 ) and the degree of reduction of the noise generated by the individual weapon types, expressed by the L Cpeak parameter (Figures 3 and 4) . It may be noted that the C duration of the impulse generated by firearm 5 (reduced most significantly) is the shortest whereas the C duration of the impulses generated by firearm 1 and firearm 2 (reduced least significantly) is longer than in the case of firearm 5. This observation is consistent with the conclusions of one of the studies published earlier [12] , in which it was established that the reduction of impulses by passive hearing protectors was stronger the shorter an impulse was.
Among the hearing protectors included in these studies there are 2 similar models of level-dependent earmuffs, however with different earmuff cup dimensions. These were 3M Peltor ProTac Shooter (D) and 3M Peltor ProTac Hunter (E) earmuffs. The first of these 2 earmuffs was characterized by deeper cups. In the case of impulse noise generated by 6 of the 7 types of firearms, the L Cpeak reduction in the case of earmuffs D (deeper cup) exceeded the values measured in the case of earmuffs E by 0.2-3 dB (depending on the firearm type). The only exception was a situation observed during impulses generated during shots from firearm 3, where the L Cpeak reduction in the case of 3M Peltor ProTac Shooter (D) was lower by an average of 1.2 dB compared to the second of the listed earmuffs. In general, it should be stated that the greater depth of the earmuff cups (and thus the higher mass of earmuffs) favors more significant reduction of the impulse noise generated during firearm shots.
CONCLUSIONS
This study assessed the effectiveness of impulse noise reduction by level-dependent hearing protectors. The assessment was conducted for 9 earmuffs and 2 earplugs. The tests used the impulse noise generated during shots from 7 types of firearms. The following observations can be formulated based on the tests performed: 1. The range of the C-weighted peak sound pressure level under the hearing protectors included in the tests, regardless of the hearing protector, is below the exposure limit value. Therefore, each of the tested level-dependent hearing protectors sufficiently reduces noise in terms of the L Cpeak parameter. 2. All 11 tested level-dependent hearing protectors allow to satisfactorily reduce the L Amax parameter of noise produced during shots from the 7 types of firearms included in the study even when the generated impulses are characterized by L Amax reaching 130 dB. 3. In the most unfavorable case, the permissible number of impulses against which the hearing protectors provide sufficient protection exceeds 5000. In typical shooting range training conditions, it is not possible for a shooter to discharge as many shots. In summary, the user of properly worn tested leveldependent hearing protectors, both earmuffs and earplugs, will be sufficiently protected against noise generated at a shooting range during the shots from the 7 types of firearms included in this study. This protection will be provided regardless of the hearing protector mode (level-dependent system or passive hearing protector operation mode).
